OBJECTIVE: To compare the changes in intra-abdominal adipose tissue (IAAT) measured by magnetic resonance imaging (MRI) with changes in central abdominal fat (CAF) measured by dual-energy X-ray absorptiometry (DXA) and anthropometric measurements in obese subjects before and after a weight loss programme. DESIGN: Longitudinal, clinical intervention study of a 600 kcaladay de®cit diet with 10 mgaday sibutramine per day for six months. SUBJECTS: Nineteen women (age: 42 AE 8.7 y, BMI: 33.3 AE 1.9 kgam 2 ) and 17 men (age: 41.8 AE 5.3 y, BMI: 32.6 AE 2.4 kgam 2 ). MEASUREMENTS: MRI was used to measure the effect of weight loss on IAAT. Changes in IAAT were compared with changes in CAF by DXA and anthropometry. RESULTS: The percentage of changes in IAAT was greater than that in subcutaneous adipose tissue (SCAT) in both women and men (P`0.01). Changes in IAAT were signi®cantly correlated with changes in weight and BMI in both women and men. In women and not in men, changes in CAF by DXA, waist circumference and WHR were also signi®cantly correlated with the changes in IAAT. CONCLUSION: Estimation of the change in IAAT was better in obese women than obese men. In both sexes the changes in weight and BMI had the highest correlation coef®cients with the change in IAAT.
Introduction
There is growing evidence that intra-abdominal adipose tissue (IAAT), rather than total body fat, is a risk factor for metabolic conditions associated with obesity. 11 For this reason the evaluation of IAAT is clinically important. Computerised tomography (CT) and magnetic resonance imaging (MRI) are the reference methods used to evaluate body fat distribution and are the only methods that clearly differentiate between IAAT and subcutaneous adipose tissue (SCAT). CT may give better discrimination between fat and other tissue but MRI has the advantage that it does not expose subjects to ionising radiation. However, both methods are costly, inconvenient to apply, and often unavailable for clinical and research purposes.
Dual energy X-ray absorptiometry (DXA) is a noninvasive technique used mainly to measure bone mineral density, but it can also estimate soft tissue volume. The total body scan time is 15 ± 30 minutes, and the exposure to X-rays is negligible. 3 Preliminary studies have indicated that the precision and accuracy of DXA to measure body fat are high. 4 However, large tissue thickness may affect the X-ray transmission spectrum probably because of beam hardening and thus produce errors in estimation of fat mass. 5 In a previous study, we found that central abdominal fat (CAF) measured by DXA was signi®cantly correlated with IAAT measured by MRI in both non-obese men and women. 6 However, in obese subjects, it was found that DXA could predict IAAT in women but not in men. 4, 7 For routine clinical use, estimation of regional adipose tissue (AT) distribution must be easy and cost effective. Therefore, anthropometric measurements may be preferred to other methods. Waist ± hip ratio (WHR) has been shown to be associated with the amount of IAAT 8 and has been widely used to investigate the relations between IAAT and metabolic abnormalities. However, recently waist circumference alone has been reported to be more closely correlated to the amount of IAAT than WHR in both men and women. 9 During weight loss there is evidence that the proportion of abdominal AT reduction, especially IAAT, is greater than the other body fat depots. 10 ± 12 These observations are in agreement with ®ndings from in-vitro experiments that showed that abdominal adipocytes are more lipolytically active than gluteal and femoral adipocytes. 13 Because the reduction of IAAT is usually associated with improvement in health risks, 14 it is important to estimate the changes in IAAT before and after weight loss. The aim of this study was to investigate whether DXA was more strongly correlated with changes in IAAT after a six-month weight loss programme than anthropometric measurements in obese women and men.
Methods

Subjects
Forty-four subjects (23 women and 21 men) aged 26 ± 57 y with body mass index (BMI) 29.4 ± 39.3 kgam 2 were recruited through local newspapers and posters. Only those subjects who were free of major illness, not using medication that affects body weight, nonpregnant and without metal implants were included in the study. Before and after weight loss, anthropometric measurements, DXA and MRI examinations were performed on the same day. Before entering the study all participants were informed about the nature and the purpose of the study and all gave their informed written consent. The study was approved by the Joint Ethical Committee of Grampian Health Board and the University of Aberdeen.
Weight loss programme
The weight loss treatment consisted of a 600-kcaladay energy de®cit for six months. Individual energy deficits were based on estimated energy requirements calculated from basal metabolic rate 15 multiplied by a physical activity level (PAL). Basal metabolic rate was measured by the ventilated hood system (Deltatrac II, TM Datex, Helsinki, Finland). PAL was assumed to be 1.4 for light occupational and nonoccupational activity unless physical activity assessment indicated a higher intensity activity. 16 A trained dietitian translated the daily energy prescriptions, which were not below 1200 kcaladay, into recommended dietary plans. In addition to the dietary regimen, 10 mg sibutramine as a single morning dose was prescribed for all subjects. Sibutramine is a broad-spectrum monoamine uptake inhibitor and it appears to be free from anticholinergic side effects. 17 Throughout the study, compliance was checked by the dietitian by means of interviews and body weight measurement every two weeks.
Thirty-six subjects (19 women and 17 men) completed all parts of the weight loss programme successfully. The other eight subjects withdrew due to intercurrent illness unrelated to the intervention or for personal reasons. Only the 36 subjects who completed the programme were included in the study. Anthropometric, DXA and MRI measurements were made for each subject at the start and end of the sixmonth weight loss programme.
Anthropometry
Weight in light clothes was measured to the nearest 50 g, and height was measured barefoot with head in horizontal Frankfurt plane to the nearest 0.1 cm. Measurement of waist circumference was performed midway between the lateral lower ribs and the iliac crests while the subject was standing, after a moderate expiration. The hip circumference was measured at the widest part over the greater trochanters. Waist and hip circumferences were recorded to the nearest millimetre, and the average of two measurements was used for analysis.
Magnetic resonance imaging
The whole body MRI images were obtained from a 0.95 T Siemens Magnetom Impact System (Siemens AG, Erlangen, Germany). The subjects lay in the magnet in a supine recumbent position. For all subjects, six data sets (with seven images in each set) were required to cover the entire body. Transverse and sagittal images of the abdominal region were taken to identify the intervertebral space between the lumbar fourth (L4) and ®fth (L5) vertebrae. Transverse slices with 10-mm thickness were then acquired every 50 mm using a T1-weighted spin-echo sequence (TR 1150 ms, TE 12 ms), beginning at the L4 ± L5 intervertebral space and continuing toward the feet. The subjects were then required to exit the magnet and re-enter in a prone position with the head ®rst and arms above their heads. The L4 ± L5 space was identi®ed in the same manner, and images (10-mm thickness, 50-mm centres) were then acquired from L4 ± L5 to the hands. The duplicate L4 ± L5 images before and after weight loss were used to assess the reproducibility of AT area by MRI. All subjects wore comfortable clothes without any metal in clothes or jewellery attached to their bodies. During MRI examination the subjects stayed absolutely still to reduce interference with the images. This protocol was adapted from the protocol described by Ross et al in 1992. 18 Calculation of AT area and volume. IAAT volume, from the MRI scans taken before and after weight loss, was calculated with seven slices extending from Estimation of abdominal fat changes in obese subjects EG Kamel et al four above L4 ± L5 to two below. The analysis was done using ANALYZE image analysis software program (CN software, Rochester, MN) as described elsewhere. 6 The threshold used to de®ne IAAT was obtained semi-automatically by selecting a clearly de®ned area of IAAT and changing the threshold until the whole area was included. The threshold for this area was then applied to the rest of the IAAT areas. The volume (cm 3 ) of AT in each slice was calculated by multiplying the tissue area (cm 2 ) by the slice thickness (1 cm). AT volumes were calculated by adding the volumes of truncated cones de®ned by pairs of consecutive slices. 19 
Dual-energy X-ray absorptiometry
Whole body DXA measurements were made with a Norland XR26 Mark II HS Scanner (Norland corporation, Wisconsin, USA), equipped with dynamic ®ltra-tion. A standard whole body DXA examination included total body and three regional measurements of trunk (chest, abdomen and pelvis), arms and legs to analyse body composition according to a three-compartment model: fat mass, lean tissue and bone mineral content. The standard soft tissue analysis was performed using software version 2.4 supplied by the manufacturer. Total body fat was estimated for each subject in kg.
CAF, which includes intra-abdominal fat plus anterior and posterior subcutaneous fat, can be distinguished using DXA by identifying it as a speci®c region of interest within the analysis programme. This was a rectangle de®ned as the upper edge of the second lumbar vertebra to the lower edge of the fourth lumbar vertebra. 20, 21 The vertical sides of this area were the continuation of the lateral sides of the rib cage.
Statistical analysis
Effects of weight loss on variables were tested by paired t-test, whereas differences between sexes were tested by unpaired t-test. Pearson's product ± moment correlation coef®cients were performed to assess the relationships between changes in adipose tissue measured by MRI and changes in anthropometric measurements and CAF measured by DXA. Two-tailed P values`0.05 were considered to be statistically signi®cant. Results are expressed as mean AE standard deviation (s.d.). To assess the reproducibility of image analysis at L4 ± L5, coef®cients of variation (CV) were calculated. The CV is de®ned as TEMax, where TEM is the technical error of measurement and x is the mean of the sum of the two measurements. TEM was computed as p d i 2 a2n where d is the paired difference between measurements for the ith individual, and n is the number of subjects. 22 The analysis was performed on the SPSS Advanced Statistics software version 6.1 (SPSS Inc., Chicago, USA).
Results
The anthropometric characteristics of the subjects and estimates of fat mass before and after weight loss are presented in Tables 1 and 2 . Initially, men were heavier, had higher waist circumference and WHR than women (P`0.001). Men had more IAAT, less SCAT and a higher intra abdominal : subcutaneous ratio (IaS) than women (P`0.001). Men also had higher CAF as measured by DXA than women (P 0.08), while women had signi®cantly more total body fat (TBF), as measured by DXA, than men (P`0.001).
The weight loss treatment resulted in a comparable mean weight reduction in women and men (10.6 s.d. (standard deviation) 5.6 kg and 9.5 s.d. 3.6 kg respectively) of which 69% and 59% was fat, as measured by DXA, (7.3 s.d. 4.7 kg in women and 5.6 s.d. 5.5 kg in men). Weight loss also resulted in signi®cant reduction in BMI, waist circumference and WHR in both sexes.
Both women and men lost signi®cant amounts of CAF, IAAT and SCAT (P`0.001). The reduction in CAF was similar in both sexes, but women lost more total body fat than men. Men lost a greater absolute amount of total IAAT and less SCAT than women. Furthermore, men lost more IAAT than women at all the levels, for instance at L4 ± L5 intervertebral space men lost 38% while women lost 34% but these changes did not signi®cantly differ between sexes (P b 0.05). Measurement of IAAT by MRI showed that weight loss resulted in reduction of a very large Estimation of abdominal fat changes in obese subjects EG Kamel et al percentage of IAAT in both sexes (44% in women and 37% in men). These proportions were much higher than percentage of reduction in SCAT which was 21% in women and 24% in men (Table 2 and Figure 1 ). The total IAAT was calculated at different thicknesses; the ®rst thickness included 35 cm as presented in this paper. The second and third thicknesses excluded the upper 5 and 10 cm of the abdomen. The fourth thickness included 15 cm above L4 ± L5 to match the location of the DXA and anthropometric measurements. The same pattern of correlation was found in each of these four thicknesses.
Two images at L4 ± L5 were analysed to assess the reproducibility. The duplicate measurements of subcutaneous adipose tissue at that level had a CV of 5.6% before weight loss and 9.3% after weight loss, while the IAAT at the same level had a CV of 7.1% before weight loss and 21.6% after weight loss.
The correlation coef®cients between reductions in abdominal AT, anthropometric measurements and CAF by DXA are presented in Table 3 . Changes in weight and BMI showed the highest correlation with changes in all abdominal AT variables (IAAT, SCAT, and total abdominal AT). Changes in waist circumference were signi®cantly correlated with changes in all abdominal AT variables in women but not in men. Moreover, changes in CAF by DXA as well as changes in WHR were correlated with changes in total abdominal adipose tissue (TAAT) better than IAAT in women only, while in men neither DXA nor WHR associated with changes in IAAT or TAAT. The same pattern of association between IAAT and waist and hip circumferences, WHR and DXA in men was observed at almost all MRI levels. The only signi®-cant correlation was between waist, hip circumferences and IAAT at the level of 5 ± 10 cm below L4 ± L5 (r 0.53 and 0.54 respectively, P`0.05).
Studying IAAT volume in individual MRI images before weight loss revealed that men had higher IAAT than women at all levels. The variation in baseline IAAT volume and in changes in IAAT volume was a little higher in women than in men (Table 2 ). In Estimation of abdominal fat changes in obese subjects EG Kamel et al general, the variation in baseline IAAT areas at different levels was also a little higher in women (Table 4) . After the weight loss programme, the highest absolute value for IAAT loss was found in the image 5 ± 10 cm above L4 ± L5 in both women and men (239 s.d. 100 and 260 s.d. 130 cm 3 , respectively). Before weight loss, the highest IAAT volume between two slices was found at the same level in women while in men it was just above that level (at 10 ± 15 cm above L4 ± L5). Table 4 shows that in both women and men, changes in MRI at the level of 5 ± 10 cm above L4 ± L5 showed the best correlation with the changes in total IAAT.
Discussion
In this study women and men showed signi®cant weight loss, of which 69% and 59% was fat as measured by DXA with no signi®cant difference between the sexes. Van Der Kooy et al, 23 who measured total body fat by underwater weighing, reported a comparable mean weight reduction in both sexes of which an average of 82% was fat (86.5% and 77% in women and men, respectively).
In women as well as in men, the percentage of IAAT reduction was larger than the reduction of SCAT. Total IAAT reduction was 44% in women and 37% in men as well as 34% in women and 38% in men at the level of L4 ± L5 intervertebral space. These results agree with other imaging studies 14, 23, 24 which found reduction of IAAT at the level of L4 ± L5 intervertebral space ranging from 32% to 35% in women and 39% to 40% in men. The large reduction in IAAT may be the result of the higher lipolytic capacity of this IAAT compared with SCAT. 13 Such a large reduction in IAAT would be expected to be associated with large improvements in health risks. Therefore, it is important to assess whether the loss in IAAT is sustained if weight stabilises at the new lower value.
Surprisingly, it was found that the correlation with changes in IAAT were higher for body weight and BMI than for CAF by DXA, WHR or waist circumference in both obese women and men. In men, changes in waist, hip circumferences, WHR and CAF by DXA were not signi®cantly correlated with the changes in IAAT. In contrast, changes in these measurements in women were signi®cantly correlated to changes in IAAT. Moreover, changes in CAF by DXA and WHR were better correlated with changes in SCAT than with changes in IAAT in both sexes. Waist circumference associated with IAAT better than SCAT in women, while in men it did not associated with either IAAT nor SCAT.
There are no other studies in which changes in total IAAT volume have been compared with changes in anthropometric measurements. Other previous studies have investigated correlations between change in anthropometric measurements and change in IAAT area at one level in men and women on diets ranging from 450 ± 1400 kcaladay. Stallone et al 12 reported that changes in IAAT at L4 ± L5 signi®cantly correlated with changes in weight (r 0.40) and in BMI (r 0.48) in post-menopausal women who lost on average 18.8 kg over six months. In ten pre-menopausal women who lost 10 kg over 10 weeks on a very low calorie diet, Gray et al 25 found that weight change and waist circumference correlated with change in IAAT area at the level of the umbilicus (r 0.57 and 0.47 respectively). A larger study carried out by van der Kooy et al 24 included 38 men and 40 women aged 25 ± 51 y who lost 12 ± 13 kg over 13 weeks on a 1000 kcaladay diet. The investigators found no signi®cant correlation between change in IAAT area at the level of L4 ± L5 and the changes in weight, waist circumference, hip circumference, WHR, or total body fat measured by underwater weighing in women. However, correlations ranging from 0.33 ± 0.44 (P`0.05) were found between change in that IAAT area and the change in weight, waist circumference and total body fat in men. These authors commented on the dif®culty of making the second scan at the same anatomical level as the ®rst scan, which could account for the lower correlations seen in their subjects than in ours.
It was observed that the highest mean of IAAT loss was in 5 ± 10 cm above L4 ± L5 in women and men. It was also found that in both women and men, the IAAT area 5 ± 10 cm above L4 ± L5 showed the highest correlation with total IAAT. Other imaging studies 26, 27 showed that IAAT could be predicted from one slice at L2 ± L3 level (which corresponds approximately to the level of 10 cm above L4 ± L5 level) in overweight and obese women and men. This study shows also that the same level was signi®cantly associated with changes in the total IAAT in women and men (r 0.92 and 0.94 respectively, P`0.01).
The duplicate L4 ± L5 images before and after weight loss were used to assess the reproducibility. CVs of AT area measurements found in this study were close to those given in the literature 28 ± 30 which reported that SCAT was more reproducible than IAAT. In the current study, reproducibility for both Table 4 Variability of IAAT between women and men in different MRI levels and the correlation coef®cient between changes in total IAAT and changes in AT in different MRI levels Slice at L4 ± L5 intervertebral space in the zero point; *P`0.01.
Estimation of abdominal fat changes in obese subjects EG Kamel et al SCAT and IAAT was higher before than after weight loss. Thus, in agreement with Elbers et al, 31 reproducibility of adipose tissue will generally be higher in obese than less obese subjects.
Conclusion
The results of this study showed that estimation of the changes in IAAT was better in obese women than obese men. In both sexes the changes in weight and BMI were signi®cantly associated with IAAT changes. In women, the changes in waist, hip circumferences and CAF by DXA had higher correlation coef®cients with the changes in IAAT than WHR, while in men these measurements did not associated with IAAT changes. The reason for the poor prediction of IAAT loss in men requires further investigation.
